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Abstract: Iron (Fe) deficiency is a first-order agronomic problem that causes a significant decrease in
crop yield and quality. Paradoxically, Fe is very abundant in most soils, mainly in its oxidized form,
but is poorly soluble and with low availability for plants. In order to alleviate this situation, plants
develop different morphological and physiological Fe-deficiency responses, mainly in their roots,
to facilitate Fe mobilization and acquisition. Even so, Fe fertilizers, mainly Fe chelates, are widely
used in modern agriculture, causing environmental problems and increasing the costs of production,
due to the high prices of these products. One of the most sustainable and promising alternatives to
the use of agrochemicals is the better management of the rhizosphere and the beneficial microbial
communities presented there. The main objective of this research has been to evaluate the ability of
several yeast species, such as Debaryomyces hansenii, Saccharomyces cerevisiae and Hansenula polymorpha,
to induce Fe-deficiency responses in cucumber plants. To date, there are no studies on the roles
played by yeasts on the Fe nutrition of plants. Experiments were carried out with cucumber plants
grown in a hydroponic growth system. The effects of the three yeast species on some of the most
important Fe-deficiency responses developed by dicot (Strategy I) plants, such as enhanced ferric
reductase activity and Fe2+ transport, acidification of the rhizosphere, and proliferation of subapical
root hairs, were evaluated. The results obtained show the inductive character of the three yeast
species, mainly of Debaryomyces hansenii and Hansenula polymorpha, on the Fe-deficiency responses
evaluated in this study. This opens a promising line of study on the use of these microorganisms as
Fe biofertilizers in a more sustainable and environmentally friendly agriculture.
Keywords: iron deficiency; Hansenula polymorpha; Debaryomyces hansenii; Saccharomyces cerevisiae;
cucumber plants
1. Introduction
Iron (Fe) is an essential micronutrient for plants [1]. Iron deficiency is a major agro-
nomic problem, present in approximately 30% of cultivated soils in the world [2,3]. Fe
is very abundant in most soils, mainly in the Fe3+ form, although is poorly soluble and
with low availability for plants, especially in calcareous soils with high pH [3,4]. This
circumstance leads frequently to Fe deficiency and therefore to a significant decrease in the
yield and quality of crops [5]. On the other hand, excessive Fe accumulation in plants can
cause toxic effects [6,7]. For this reason, Fe acquisition should be tightly regulated.
Dicotyledonous (Strategy I) plants develop several Fe-deficiency responses, mainly
in their roots, to cope with this constraint [8,9]. These responses, both morphological and
physiological, are aimed to facilitate Fe mobilization and acquisition and fulfil the plant
requirements of this element.
Within the morphological responses, Fe deficiency can cause an inhibition of primary
root elongation, accompanied by the development of lateral roots [10–12]. Also, subapical
root swelling, with large number of root hairs, can be developed to increase the contact
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surface of the root with the soil and improves Fe absorption [8,13]. The origin of these root
hairs is epidermal and they are only developed in the subapical regions of the roots [8].
Within the physiological responses, dicot plants mobilize Fe from the soil through the
release of protons and the subsequent acidification of the rhizosphere. This serves to
solubilize Fe3+ and to enhance the reduction of Fe3+ to Fe2+ by means of a ferric reductase
located in the plasma membrane of epidermal cells. The Fe2+ generated is then absorbed
through a Fe transporter, also located in the plasma membrane of epidermal cells [8].
Some years ago, the genes encoding these proteins were identified in Arabidopsis, such
as the ferric reductase AtFRO2 [14], the Fe transporter AtIRT1 [15], and the H+-ATPase
AtAHA7 [16]. Homologues of these genes have also been identified in other dicot plant
species, such as tomato, pea, and cucumber [17–20]. The regulation of these Fe acquisition
genes is mediated by several transcription factors (TFs). Two of the master regulators are
the tomato FER protein, identified as a basic helix–loop–helix (bHLH) TF [21], and the
Arabidopsis FIT protein (previously named bHLH29, FIT1, or FRU), a homologue of the
tomato FER protein [6,22].
Once adequate Fe has been absorbed, Fe-deficiency responses need to be switched
off to minimize Fe toxicity and energy costs. Their regulation is not fully understood,
but several hormones and signaling molecules, such as auxin, ethylene (ET), and nitric
oxide (NO), which increase their production in Fe-deficient roots, have been proposed to
participate in the activation of most responses in dicot plants [8,23,24]. Auxin, ET, and
NO are closely interrelated in a complex manner since each one can affect the production
and/or distribution of the other ones [23,25].
Since the middle of the 20th century, there has been a great increase in world agricul-
tural production, sometimes associated with the abusive use of chemical fertilizers. This
has caused serious environmental problems, such as eutrophication of inland waters, loss
of biodiversity, and, in addition, the degradation of the cultivated soil itself [26,27]. For
this reason, it is necessary to find new strategies to feed plants with less dependence on
chemical products [28].
In this sense, one promising approach is a better management of the rhizosphere
and its associated microbial communities in soils [29,30]. There are rhizosphere-beneficial
microbes that can improve the assimilation of nutrients by the plants, which can be used
as a successful and sustainable strategy for fertilization in modern agriculture, avoiding
exclusive dependence on chemical fertilizers.
As previously mentioned, to deal with Fe deficiency, plants develop morphological and
physiological responses, mainly in their roots, aimed at facilitating iron acquisition [6,8,31].
Despite these responses, in many cases it is also necessary to apply Fe fertilizers to correct
this deficiency in the field. The most common practice is the application of Fe chelates
to the soil, which are generally expensive and consequently restricted to crops with high
added value [3]. Another way to fight against Fe deficiency is the use of plant genotypes
that are more efficient in Fe assimilation. However, different results obtained using sterile
soils have shown that, even with these genotypes, the cooperation of the microorganisms of
the rhizosphere is necessary for an adequate Fe acquisition [30,32]. Several studies, carried
out with beneficial fungi or bacteria, have shown that its application to soils can improve
Fe nutrition in plants [33–41]. However, nothing is known to date about the possible role
that yeasts may play in the Fe nutrition of plants. Recently, [42] have characterized, for the
first time, the role of certain strains of the yeast Debaryomyces hansenii in the detoxification
of arsenic in rice plants. Furthermore, in that study the authors also observed that, apart
from mitigating the stress caused by arsenic, inoculation with the yeast improved both
the nutritional status and the growth of rice plants. In recent years it has been found
that some rhizosphere microorganisms (fungi and bacteria) can induce physiological
and morphological responses in the roots of dicot plants similar to those induced by Fe
deficiency [29,32,35,43–50]. Some of these rhizosphere microorganisms are also capable
of triggering an induced systemic response (ISR) to combat pathogen and insect attacks.
This observation suggests that both processes (ISR and Fe-deficiency responses) could
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be closely interconnected, probably because they share similar signaling pathways, and
opens the way to the use of beneficial rhizosphere microorganisms to improve plant Fe
nutrition [29,44,45,50,51].
It is therefore important to expand and optimize the list of possible beneficial mi-
croorganisms that can help plants to assimilate Fe and, in this way, to minimize the use of
chemical fertilizers. Here, we describe and evaluate yeast species that have the capacity
to induce Fe-deficiency morphological and physiological responses and can help plants
to acquire Fe. The yeast species analyzed have been Debaryomyces hansenii, the nitrate
Hansenula polymorpha, and Saccharomyces cerevisiae, which have been applied to cucumber
plants. D. hansenii was selected because is an abundant yeast in soil and salty environ-
ments. In addition, it is a yeast very tolerant to several abiotic stress factors. H. polymorpha
was chosen because, in addition of being abundant in soil, it is a model to study mineral
nutrition in plants since, for example, it is a nitrate-assimilating yeast. Finally, S. cerevisiae
was used just because it is a research model and most of the information in yeast has been
studied in Saccharomyces.
2. Materials and Methods
2.1. Plant and Microbial Materials
Cucumber plants (Cucumis sativus L. cv Ashley) were used.
As inoculum, three laboratory nonpathogenic strains of the yeast species Debaryomyces
hansenii (CBS767, wild-type, Netherland collection; Ramos-Moreno et al. [52]), Hansenula
polymorpha (NCYC495 leu2 ura3 strain; Cabrera et al. [53]), and Saccharomyces cerevisiae
(DB746 MATalpha his3delta1 leu23 leu2112 ura352 trp1289; Serra-Cardona et al. [54]),
were used.
2.2. Growth Conditions
Several experiments were carried out with cucumber plants grown in hydroponic
culture in a growth chamber under controlled conditions, with a photoperiod of 14 h,
temperature of 22–24 ◦C during the day and 18–20 ◦C during the night, relative humidity
of 60–70%, and radiation of 200 µmol m−2 s−1 provided by fluorescent tubes “Sylvania
Cool White VHO”.
The nutrient solution R&M [11], modified according to the different treatments,
had the following composition: Ca(NO3)2 2 mM, K2SO4 0.75 mM, KH2PO4 0.5 Mm,
MgSO4 0.65 mM, KCl 50 µM, H3BO3 10 µM, MnSO4 1 µM, CuSO4 0.5 µM, ZnSO4 0.5 µM,
(NH4)6Mo7O24 0.05 µM, and Fe-EDDHA 20 µM.
Different treatments were applied to study the effects of the three yeast strains on
some Fe-deficiency responses in cucumber plants. Each experimental design was planned
to monitor the effects of yeasts on plants over the four days after the yeasts were applied.
Seeds of cucumber (Cucumis sativus L. cv. Ashley) were germinated in the dark
within papers moistened with 5 mM CaCl2. After 2–3 d, the seedlings were transferred
to a plastic mesh held over a half-strength nutrient solution, and kept in the dark for
2 d. Cucumber seedlings were then transplanted individually to 70 mL plastic vessels
containing continuously aerated nutrient solution with 20 µM FeEDDHA. After 2–3 d in
this nutrient solution, cucumber plants were transferred to the different treatments.
2.3. Inoculum Preparation
The yeasts were grown in complex liquid YPD medium composed of 1% yeast extract,
2% peptone, and 2% glucose. Cultures were inoculated in flasks at absorbance at 600 nm
(A600) 0.05 and incubated at 26 ◦C for D. hansenii, 37 ◦C for H. polymorpha, or 28 ◦C for
S. cerevisiae. One to two days later, the yeasts reached the middle exponential growth phase
and then were collected by centrifugation and washed twice with sterile cold water. Finally,
cells were counted in a Neubauer chamber and yeast cells were resuspended in the plant
nutrient solution to reach the desired cell concentration.
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2.4. Treatments
Experiments were carried out with 14-d-old cucumber plants, which had been grown
with a complete nutrient solution in hydroponic medium. These plants were subjected to
Fe deficiency for 4 days and some of them were inoculated with yeasts. Four treatments
were considered for each plant species: -Fe plants, -Fe plants inoculated with D. hansenii,
-Fe plants inoculated with H. polymorphous, and -Fe plants inoculated with S. cerevisiae
(the concentration of each yeast in the medium was 107/mL medium). The inoculation
was carried out by adding the corresponding volume of inoculum, depending on the
concentration obtained for each yeast, to the nutrient solution in which each treated plant
was found. A scheduled collection of plants (6 control and 6 inoculated) was carried out at
24, 48, 72, and 96 h after treatments. On each day of collection, the ferric reductase activity,
root hairs proliferation, and the acidification of the nutrient solution (pH) were determined.
In addition, another experiment was carried out under same circumstances described
above but under Fe-sufficient conditions (40 µM Fe). The acidification location using agar
plates and root hairs proliferation were measured in this experiment.
2.5. Determinations
Two enzymatic activities activated by dicot plants under Fe deficiency were evaluated:
ferric reductase activity and proton pump activity.
Ferric reductase activity was evaluated by determining the capacity of roots to reduce
Fe3+ to Fe2+, which is then chelated by Ferrozine.
The proton pump activity, due to H+ -ATPases, was evaluated by determining the
pH of the nutrient solution and also by using acidification localization techniques on
bromocresol purple agar plates.
In addition, a morphological response induced by dicot species under Fe deficiency
was analyzed: the proliferation of root hairs in the subapical regions of the roots. For this,
roots were stained with toluidine blue and observed with a stereoscopic microscope.
• Ferric reductase activity
Intact plants were pretreated for 30 min in plastic vessels with 50–70 mL of a nutrient
solution without micronutrients, pH 5.5, and then placed into 50–70 mL of a Fe3+ reduction
assay solution for 30 min. This assay solution consisted of nutrient solution without
micronutrients, 100 µM Fe3+-EDTA and 300 µM Ferrozine, pH 5.0 (adjusted with 0.1 N
KOH). The environmental conditions during the measurement of Fe3+ reduction were
the same as the growth conditions described above. The ferric reductase activity was
determined spectrophotometrically by measuring the absorbance (562 nm) of the Fe2+–
Ferrozine complex and using an extinction coefficient of 29,800 M−1 cm−1 [55]. After the
reduction assay, roots were excised and weighed, and the results were expressed on a root
fresh-weight basis. In some treatments, the location of the ferric reductase activity along
the roots was visualized in agar plates with ferric reduction assay solution [55].
• Nutrient solution acidification
A daily monitoring of the pH of the nutrient solution, in which the plants of the
different treatments were grown, was carried out by means of a portable pH meter model
HI 8424.
In addition, agar plates with the pH indicator bromocresol purple were prepared, with
the aim of locating the regions of roots where acidification occurred. This determination was
used to find possible local inductions masked by registering the pH of the entire solution.
• Subapical root hairs
One of the main morphological Fe-deficiency responses is the formation of root
hairs in the subapical regions of the roots, where most of the Fe-deficiency physiological
responses are found. Daily, visual monitoring was performed at the time of the treatments.
When differences between treatments were appreciated, roots were sampled for subsequent
staining and digitization. Toluidine blue was used for root staining. After 10 min, the excess
of dye was removed with plenty of water for later observation under a stereomicroscope
equipped with a built-in camera.
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• qRT-PCR Analysis
Roots were ground to a fine powder with a mortar and pestle in liquid nitrogen.
Total RNA was extracted using the Tri Reagent solution (Molecular Research Center, Inc.,
Cincinnati, OH) according to the manufacturer’s instructions. M-MLV reverse transcriptase
(Promega, Madison, WI) was used to generate cDNA with 3 µg of total RNA from roots as
template and random hexamers or oligo dT(20) as primers. Prior to cDNA synthesis, RNA
was treated with DNAse to eliminate possible contamination by genomic DNA, and was
DNase-inactivated later by adding 50 mM EDTA. Negative controls included all reaction
components except the M-MLV enzyme. One tenth of each RT reaction was used as a
PCR template.
The study of gene expression by qRT-PCR was performed using a qRT-PCR Bio-Rad
(CFX connect), and the SYBR Green Bio-RAD PCR Master Mix, following the manufac-
turer’s instructions. SAND1 and YLS8 genes were used as reference genes to normalize the
results of the qRT-PCR. The Pfaffl method was used to calculate the relative expression lev-
els. Primer pairs for cucumber genes were designed as follows: (5′-3′) CsFRO1F (ATA CGG
CCC TGT TTC CAC TT); CsFRO1R (GGG TTT TGT TGT GGT GGG AA); CsIRT1F (GCA
GGT ATC ATT CTC GCC AC); CsIRT1R (ATC ATA GCA ACG AAG CCC GA); CsHA1F
(GGG ATG GGC TGG TGT AGT TT); CsHA1R (TTC TTG GTC GTA AAG GCG GT).
2.6. Yeast Viability
A daily monitoring of the viability of the yeasts used in this work was carried out
during the four days of the treatments. For this, several plants were chosen from each
treatment and samples were taken every day from the nutrient solutions where plants
grew. These samples were seeded in plates with the different specific culture media used
for the growth of each yeast, mentioned above. It was found that the yeasts remained alive
and active throughout the experiments.
2.7. Statistical Analysis
All experiments were repeated at least twice and representative results are presented.
Both values of ferric reductase activity and pH of the nutrient solution represent the
mean ± SE of six replicates. The values of qRT-PCR represent the mean ± SE of three
independent biological replicates and two technical replicates. Within each day, ** or ***
indicate significant differences (p < 0.01 or p < 0.001) in relation to the control treatment,
using one-way analysis of variance (ANOVA) followed by a Dunnett’s test. Data were
analyzed using STATISTIX 10 (SPSS (version 25), IBM, Armonk, NY, USA).
3. Results
3.1. Effect of Debaryomyces hansenii (Dh), Hansenula polymorpha (Hp), and Saccharomyces
cerevisiae (Sc) on Ferric Reductase Activity and FRO1 Expression
Inoculation of -Fe treated cucumber plants with the yeast Dh caused a greater induction
of ferric reductase activity than that achieved by noninoculated plants (Figure 1a). The
highest induction was reached on the fourth day, just when the control plants lost their
induction capacity. Something similar happened when plants were inoculated with Hp
or Sc (Figure 1c,e). Cucumber plants inoculated with any of the yeast species mentioned
maintained the same level of induction of ferric reductase activity during the second, third,
and fourth day after treatments.
According to the last results, the expression of CsFRO1, the gene coding for the ferric
reductase, was highly induced by the presence of any of the three yeast species just at the
end of the experiments, regarding what happened with control plants (Figure 1b,d,f). These
higher inductions were found at the fourth day after inoculation, just at the moment in
which control plants grown without Fe lost the induction capacity of the CsFRO1 expression.
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Figure 1. Time course of ferric reductase activity and CsFRO1 expression in cucumber plants along the 4 days of treatments.
Treatments: nutrient solution without Fe (-Fe) and inoculation with the different yeast species, Debaryomyces hansenii
(−Fe+Dh) (a,b), Hansenula polymorpha (-Fe+Hp) (c,d), or Saccharomyces cerevisiae (−Fe+Sc) (e,f). The inoculation was carried
out the same day Fe-deficiency treatment was applied. The data of ferric reductase activity are given as means ± SE (n = 6)
while the data of CsFRO1 expression represent the mean ± SE of three independent biological replicates and two technical
replicates. Within each day, bars with ** or *** indicate significant differences (p < 0.01 or p < 0.001) in relation to the -Fe
treatment according to the Dunnett’s test.
3.2. Effect of Debaryomyces hansenii (Dh), Hansenula polymorpha (Hp) and Saccharomyces
cerevisiae (Sc) on pH of the Nutrient Solution and HA1 Expression
Two methods were used for pH determination in this study. A daily monitoring of
the nutrient solution pH used for the cultivation of the plants during the treatment period
was carried out. Results are presented in Figure 2. Another additional methodology was
used for confirming results obtained by the first method. For this, plates with agar and
bromocresol purple were prepared to determine the location of acidification in cucumber
roots grown in presence of each yeast under Fe-deficiency conditions (data not shown).
The inoculation with Dh or Hp induced higher acidification of the medium after three
days of treatment (Figure 2). In both cases, higher significant differences (p < 0.001) between
inoculated and noninoculated plants, were achieved after four days of treatments (Figure 2a,c).
However, inoculation with Sc did not cause any inducing effect of acidification of the
medium in cucumber plants (Figure 2e).
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Figure 2. Time course of the pH of the nutrient solution and CsHA1 expression in cucumber plants over the 4 days of
treatments. Treatments: (control) without Fe (-Fe) and (inoculated) inoculation with different yeasts, Debaryomyces hansenii
(−Fe+Dh) (a,b), Hansenula polymorpha (−Fe+Hp) (c,d), or Saccharomyces cerevisiae (−Fe+Sc) (e,f). The inoculation was carried
out on the same day that Fe-deficiency treatment was applied. Data of pH are given as means ± SE (n = 6). The data of
CsHA1 expression represent the mean ± SE of three independent biological replicates and two technical replicates. Within
each day, bars with ** or *** indicate significant differences (p < 0.01 or p < 0.001) in relation to the –Fe treatment according
to the Dunnett’s test.
In relation to the expression of the gene that codes for the plasma membrane H+-
ATPase in cucumber plants (CsHA1), our results demonstrated that the presence of Dh or
Hp induced its expression considerably from the second day after inoculation respective to
control plants (Figure 2b,d). No effect was found on the gene expression by the inoculation
with Sc, under our experimental conditions (Figure 2f).
3.3. Effect of Debaryomyces hansenii (Dh), Hansenula polymorpha (Hp) and Saccharomyces
cerevisiae (Sc) on Iron Transporter Gene IRT1 Expression
The early and forceful effect of inoculation with Dh or Hp on CsIRT1 (iron transporter
gene) expression, one of the most important genes involved in Fe acquisition, is shown
in Figure 3a,b. Inoculation with Dh or Hp enhanced CsIRT1 expression after two days of
treatment, respective to control plants, showing high significative differences. No effect
was found on CsIRT1 expression by the inoculation with Sc, under our experimental
conditions (Figure 3c), which is in agreement with results in Figure 2f.
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Figure 3. Time course of CsIRT1 expression in cucumber plants over the 4 days of treatments. Treat-
ments: (control) without Fe (−Fe) and (inoculated) inoculation with different yeasts, Debaryomyces
hansenii (−Fe+Dh) (a), Hansenula polymorpha (−Fe+Hp) (b), or Saccharomyces cerevisiae (−Fe+Sc) (c).
The inoculation was carried out the same day Fe-deficiency treatment was applied. Data CsIRT1
expression represent the mean ± SE of three independent biological replicates and two technical
replicates. Within each day, bars with ** or *** indicate significant differences (p < 0.01 or p < 0.001) in
relation to the –Fe treatment according to the Dunnett’s test.
3.4. Effect of Debaryomyces hansenii (Dh), Hansenula polymorpha (Hp), and Saccharomyces
cerevisiae (Sc) on the Development of Subapical Root Hairs
The results obtained show that both Dh and Hp induced the development of subapical
root hairs from the first day of treatment (Figure 4). However, there was not inducing effect
by Sc (Figure 4). The development of subapical root hairs begun to be subtly seen from the
fourth day of treatment in -Fe plants. Inoculation with Dh or Hp considerably increased
this response in –Fe plants. The proliferation of root hairs was observed, practically, from
the first day and was more evident on the fourth day after inoculation (Figure 4).
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Figure 4. Analysis of development of subapical root hairs in young roots of cucumber plants
grown without Fe (–Fe) or without Fe and inoculated with any of the three yeasts studied in this
work: Debaryomyces hansenii (−Fe+Dh), Hansenula polymorpha (−Fe+Hp), or Saccharomyces cerevisiae
(−Fe+Sc). The inoculation with the yeasts was carried out the same day the Fe-deficiency treatment
was applied. Roots were observed 1, 2, 3, and 4 days after treatments (1d, 2d, 3d, and 4d). The images
were obtained using a stereoscopic microscope with camera system after having stained the roots
with toluidine blue for 10 min.
In order to get additional information about this important effect, the three yeast
species were inoculated in cucumber plants grown under Fe-sufficient conditions. Under
these conditions (Figure 5), we could verify that the inoculation with any of the three yeast
species had a similar effect to the one observed under Fe-deficiency conditions. Dh and Hp
induced their proliferation, though perhaps not as soon as they did on –Fe plants. Sc did
not have any inducing effect on the proliferation of hairs in plants cultivated with Fe, as
also happened on plants cultivated without Fe (Figure 4).
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Figure 5. Analysis of development of subapical root hairs in young roots of cucumber plants
grown with Fe (+Fe) or with Fe and inoculated with any of the three yeasts studied in this work:
Debaryomyces hansenii (+Fe+Dh), Hansenula polymorpha (+Fe+Hp), or Saccharomyces cerevisiae (+Fe+Sc).
The inoculation with the yeasts was carried out the same day the Fe-sufficient treatment was applied.
Roots were observed 1, 2, 3, and 4 days after treatments (1d, 2d, 3d, and 4d). The images were
obtained using a stereoscopic microscope with camera system after having stained the roots with
toluidine blue for 10 min.
4. Discussion
In recent years it has been found that some beneficial rhizospheric microbes (rhi-
zobacteria and rhizofungi) can induce physiological and morphological responses in the
roots of dicot plants similar to the ones induced under Fe deficiency, thus facilitating
Fe acquisition [29,35,40,41,50,51,56,57]. However, the role of yeasts on the induction of
Fe-deficiency responses (to our knowledge) has not been described yet. Therefore, it is
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important to analyze whether yeasts are also involved in the induction of these responses
under Fe deficiency.
Dicotyledonous plants respond to Fe deficiency by increasing the ability to reduce
Fe3+, the most common form of Fe in most soils, to Fe2+, the form in which they acquire
it [4,9,58]. This reduction is mediated by a ferric reductase enzyme whose optimum pH
for its activity is in the range of 4 to 5 [59,60]. Acidification of the rhizosphere is another
of the main responses that dicot plants activate under Fe-deficiency conditions [18], as
well as the enhancement of the Fe2+ transport and the development of subapical root
hairs [8]. The objective pursued by the plants with the implementation of these responses
is to increase the solubility and bioavailability of Fe in the medium [8,9,31,50]. These
Fe-deficiency responses are switched off once plants acquire enough Fe and are tightly
coordinated and regulated by hormones and signaling molecules, such as ethylene and
nitric oxide [14,61,62].
As shown in Figure 1a,c,e, the inoculation with the yeasts Dh, Hp, and Sc caused a
greater induction of the ferric reductase activity than that achieved in -Fe plants just at the
end of the experiments, and clearly correlated with the induction of CsFRO1 gene expres-
sion (Figure 1b,d,f). As observed, when the induction levels drop in the control plants, the
inoculated plants maintain the same high level reached during the previous two days. This
prolonged induction of the ferric reductase and CsFRO1 expression was observed with the
three yeast species used in this research (Figure 1) and is a very interesting effect to take into
account. Other authors have obtained a similar increase in the reductase activity in pear
plants (Pyrus communis) inoculated with different plant growth-promoting bacteria (Alcali-
genes spp., Agrobacterium spp., Staphylococcus spp., Bacillus spp., and Pantoea spp. [38]), or
in tomato plants inoculated with Trichoderma sp. fungi [49]. However, until now, nothing
was known on the effect that yeasts could have on ferric reductase activity. This opens a
very interesting new line of study in order to discover the role that yeasts could play as
inducers of Fe-deficiency responses and, consequently, as Fe biofertilizers.
The enhancement of the acidification response obtained with both Dh and Hp (Figure 2a,c)
has also been described for other microorganisms. Thus, Zhang et al. [35], Pii et al. [30], and
Ipek et al. [38] observed a greater Fe availability in soils inoculated with various growth-
promoting bacteria (Alcaligenes spp., Agrobacterium spp., Staphylococcus spp., Bacillus spp.
and Pantoea spp.) and pointed out that such an increase was due to a lower pH of the
substrate derived from organic acids released by rhizobacteria. Our results obtained
with Dh and Hp show an enhanced level of acidification on the third and fourth day
of its presence in the medium (Figure 2a,c). That higher acidification was related to
the enhancement of CsHA1 expression, even one day earlier (since the second day after
treatments), as shown in Figure 2b,d.
It should be noted that two of the three yeast species studied in this work (Dh and Hp)
exert an acidification-inducing effect also on plants grown under Fe-sufficient conditions,
where plants would not need to activate this response (data not shown). These results
show for the first time that these yeasts can play a very important role in the induction of a
response that favors Fe solubilization and acquisition [8].
Another gene involved in the Fe-acquisition strategy, the iron transporter gene CsIRT1,
increased its expression in the presence of Dh or Hp (Figure 3a,b). These results confirm
that the effects of both yeast species are generalized on the expression of genes encoding
different Fe-deficiency responses.
It is in the root that the greatest changes caused by Fe deficiency occur, such as the
inhibition of its elongation and the development of lateral roots [12]. In the subapical zones
of the young roots under Fe deficiency, thickening of the root with great proliferation of
root hairs originate [11]. With the formation of these root hairs, the contact surface of the
root with the medium increases and, therefore, the probability of finding the nutrients
increases [63,64]. Various authors have shown that microorganisms can play an essential
role both in the formation and proliferation of root hairs [65].
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The role that yeasts play on the formation of root hairs in the subapical zone of the roots
has not been described to date by any author. Therefore, in this work we analyzed whether
yeasts are also involved in the induction of morphological responses to Fe deficiency, as
occurs with the physiological ones. The analysis was carried out in cucumber plants grown
with or without Fe.
Cucumber, among other plant species, such as tomato, develop subapical root hairs
under Fe deficiency [9].
Our results show that both Dh and Hp induce the development of subapical root hairs
from the first day of treatment (Figure 4) even under Fe-sufficiency conditions (Figure 5).
However, there is not any inducing effect by Sc. These modifications in the root architecture
have also been observed with other microorganisms. Thus, Delaporte [66] reported a
greater proliferation of root hairs in strawberry plants (Fragaria ananassa) inoculated with
Azospirillum brasilense and Gluconacetobacter diazotrophicus. However, never before the
effect of yeasts on the development of subapical root hairs been described. Recently,
Kaur et al. [42] studied the effects of D. hansenii on plants but focused on the detoxification
of arsenic in rice plants.
Dh and Hp can induce the formation of root hairs even in conditions of Fe sufficiency.
This suggests that these microorganisms, with the capacity to induce several Fe-deficiency
responses, could be used as Fe biofertilizers and, in this way, to reduce the use of chemically
synthesized products.
In conclusion, our results indicate that at least two of the three yeast species studied
(Dh and Hp) are potential candidates to be considered within the group of beneficial mi-
croorganisms capable of helping dicotyledonous plants for Fe nutrition. Both yeast species
greatly induce several key Fe-deficiency responses and could be used in environmentally
friendly agronomic fertilization techniques in substitution of the synthetic chelates used to
fight against Fe chlorosis.
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41. Arıkan, Ş.; Eşitken, A.; Ipek, M.; Aras, S.; Şahin, M.; Pırlak, L.; Dönmez, M.F.; Turan, M. Effect of plant growth promoting
rhizobacteria on Fe acquisition in peach (Prunus persica L.) under calcareous soil conditions. J. Plant Nutr. 2018, 41, 2141–2150.
[CrossRef]
42. Kaur, J.; Anand, V.; Srivastava, S.; Bist, V.; Tripathi, P.; Naseem, M.; Srivastava, S. Yeast strain Debaryomyces hansenii for
amelioration of arsenic stress in rice. Ecotoxicol. Environ. Saf. 2020, 195, 110480. [CrossRef]
43. Del Carmen Orozco-Mosqueda, M.; Velázquez-Becerra, C.; Macías-Rodríguez, L.I.; Santoyo, G.; Flores-Cortez, I.; Alfaro-Cuevas,
R.; Valencia-Cantero, E. Arthrobacter agilis UMCV2 induces iron acquisition in Medicago truncatula (Strategy I plant) in vitro via
dimethylhexadecylamine emission. Plant Soil 2013, 362, 51–66. [CrossRef]
44. Zamioudis, C.; Hanson, J.; Pieterse, C.M. β-Glucosidase BGLU 42 is a MYB 72-dependent key regulator of rhizobacteria-induced
systemic resistance and modulates iron deficiency responses in Arabidopsis roots. New Phytol. 2014, 204, 368–379. [CrossRef]
45. Zamioudis, C.; Korteland, J.; Van Pelt, J.A.; Van Hamersveld, M.; Dombrowski, N.; Bai, Y.; Hanson, J.; Van Verk, M.C.; Ling, H.;
Schulze-Lefert, P.; et al. Rhizobacterial volatiles and photosynthesis-related signals coordinate MYB 72 expression in Arabidopsis
roots during onset of induced systemic resistance and iron-deficiency responses. Plant J. 2015, 84, 309–322. [CrossRef] [PubMed]
46. Zhao, J.; Ni, T.; Li, Y.; Xiong, W.; Ran, W.; Shen, B.; Shen, Q.; Zhang, R. Responses of Bacterial Communities in Arable Soils in a
Rice-Wheat Cropping System to Different Fertilizer Regimes and Sampling Times. PLoS ONE 2014, 9, e85301. [CrossRef]
47. Pii, Y.; Marastoni, L.; Springeth, C.; Fontanella, M.C.; Beone, G.M.; Cesco, S.; Mimmo, T. Modulation of Fe acquisition process by
Azospirillum brasilense in cucumbe rplants. Environ. Exp. Bot. 2016, 130, 216–225. [CrossRef]
48. Zhou, C.; Guo, J.; Zhu, L.; Xiao, X.; Xie, Y.; Zhu, J.; Ma, Z.; Wang, J. Paenibacillus polymyxa BFKC01 enhances plant iron absorption
via improved root systems and activated iron acquisition mechanisms. Plant Physiol. Biochem. 2016, 105, 162–173. [CrossRef]
[PubMed]
49. Martínez-Medina, A.; Van Wees, S.C.M.; Pieterse, C.M.J. Airborne signals from Trichoderma fungi stimulate iron uptake responses
in roots resulting in priming of jasmonic acid dependent defences in shoots of Arabidopsis thaliana and Solanum lycopersicum. Plant
Cell Environ. 2017, 40, 2691–2705. [CrossRef]
50. Verbon, E.H.; Trapet, P.L.; Stringlis, I.A.; Kruijs, S.; Bakker, P.A.; Pieterse, C.M. Iron and immunity. Annu. Rev. Phytopathol. 2017,
55, 355–375. [CrossRef] [PubMed]
51. Romera, F.J.; García, M.J.; Lucena, C.; Martínez-Medina, A.; Aparicio, M.A.; Ramos, J.; Alcántara, E.; Angulo, M.; Pérez-Vicente, R.
Induced Systemic Resistance (ISR) and Fe Deficiency Responses in Dicot Plants. Front. Plant Sci. 2019, 10, 287. [CrossRef]
52. Ramos-Moreno, L.; Ruiz-Castilla, F.J.; Bravo, C.; Martínez, E.; Menéndez, M.; Dios-Palomares, R.; Ramos, J. Inoculation with a
terroir selected Debaryomyces hansenii strain changes physico-chemical characteristics of Iberian cured pork loin. Meat Sci. 2019,
157, 107875. [CrossRef]
53. Cabrera, E.; Álvarez, M.C.; Martín, Y.; Siverio, J.M.; Ramos, J. K+ uptake systems in the yeast Hansenula polymorpha. Transcriptional
and post-translational mechanisms involved in high-affinity K+ transporter regulation. Fungal Genet. Biol. 2012, 49, 755–763.
[CrossRef] [PubMed]
54. Serra-Cardona, A.; Petrezsélyová, S.; Canadell, D.; Ramos, J.; Ariño, J. Coregulated expression of the Na+/phosphate Pho89
transporter and Ena1 Na+-ATPase allows their functional coupling under high-pH stress. Mol. Cell Biol. 2014, 34, 4420–4435.
[CrossRef] [PubMed]
55. Lucena, C.; Waters, B.M.; Romera, F.J.; García, M.J.; Morales, M.; Alcántara, E.; Pérez-Vicente, R. Ethylene could influence ferric
reductase, iron transporter, and H+-ATPase gene expression by affecting FER (or FER-like) gene activity. J. Exp. Bot. 2006, 57,
4145–4154. [CrossRef] [PubMed]
56. Verma, S.K.; Karwar, R.N.; White, J.F. The role of seed-vectored endophytes in seedling development and establishment. Symbiosis
2019, 78, 107–113. [CrossRef]
57. Sevillano-Caño, J.; Lucena, C.; Romera, F.J.; Alcántara, E. Efecto de la raza no patogénica de Fusarium oxysporum (Fo12) sobre la
nutrición férrica en plantas de pepino (Cucumis sativus L.) y de tomate (Solanum lycopersicum L.). In Excelencia Investigadora Para Los
Desafíos Del Futuro; Antonio, J., Rubio, S., Eds.; Universidad de Córdoba: Córdoba, Spain, 2021; pp. 49–53, ISBN 978-84-9927-614-4.
58. Hell, R.; Stephan, U.W. Iron uptake, trafficking and homeostasis in plants. Planta 2003, 216, 541–551. [CrossRef]
59. Bienfait, H.F.; Bino, R.J.; van der Bliek, A.M.; Duivenvoorden, J.F.; Fontaine, J.M. Characterization offerric reducing activity in
roots of Fe-deficient Phaseolus vulgaris. Physiol. Plant 1983, 59, 196–202. [CrossRef]
Microorganisms 2021, 9, 2603 15 of 15
60. Romera, F.J.; Alcántara, E.; De la Guardia, M.D. Characterization of the tolerance to iron clorosis in different peach rootstocks
grown in nutrient solution. Plant Soil 1991, 130, 121–125. [CrossRef]
61. Romera, F.J.; Alcántara, E. Iron-deficiency stress responses in cucumber (Cucumis sativus L.) roots (A possible role for ethylene?).
Plant Physiol. 1994, 105, 1133–1138. [CrossRef]
62. García, M.J.; Lucena, C.; Romera, F.J.; Alcántara, E.; Pérez-Vicente, R. Ethylene and nitric oxide involvement in the up-regulation
of key genes related to iron acquisition and homeostasis in Arabidopsis. J. Exp. Bot. 2010, 61, 3885–3899. [CrossRef] [PubMed]
63. Datta, S.; Kim, C.M.; Pernas, M.; Pires, N.D.; Proust, H.; Tam, T.; Vijayakumar, P.; Dolan, L. Root hairs: Development, growth and
evolution at the plant-soil interface. Plant Soil 2011, 346, 1–14. [CrossRef]
64. Mercado-Blanco, J.; Prieto, P. Bacterial endophytes and root hairs. Plant Soil 2012, 361, 301–306. [CrossRef]
65. Verma, S.K.; Kingsley, K.; Bergen, M.; English, C.; Elmore, M.; Kharwar, R.N.; White, J.F. Bacterial endophytes from rice cut grass
(Leersia oryzoides L.) increase growth, promote root gravitropic response, stimulate root hair formation, and protect rice seedlings
from disease. Plant Soil 2018, 422, 223–238. [CrossRef]
66. Delaporte, P.A.G. Contribución de Bacterias Promotoras del Crecimiento Vegetal en la Nutrición de Hierro y Fósforo de Plantas
de Frutilla (Fragaria ananassa Duch.). Ph.D. Thesis, Cátedra de Microbiología Agrícola, Departamento de Ecología, Facultad de
Agronomía y Zootecnia, Universidad Nacional de Tucumán, Tucumán, Argentina, 2018.
